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Interactions of puriﬁed Aldrich humic acid (PAHA) with lysozyme (LSZ) are investigated. In solution LSZ is moderately
positively and PAHA negatively charged at the investigated pH values. The proton binding of PAHA and of LSZ is deter-
mined by potentiometric proton titrations at various KCl concentrations. It is also measured for two mixtures of PAHA–LSZ
and compared with theoretically calculated proton binding assuming no mutual interaction. The charge adaptation due to
PAHA–LSZ interaction is relatively small and only signiﬁcant at low and high pH. Next to the proton binding, the mass ratio
PAHA/LSZ at the iso-electric point (IEP) of the complex at given solution conditions is measured together with the pH using
the Mu¨tek particle charge detector. From the pH changes the charge adaptation due to the interaction can be found. Also
these measurements show that the net charge adaptation is weak for PAHA–LSZ complexes at their IEP. PAHA/LSZ mass
ratios in the complexes at the IEP are measured at pH 5 and 7. At pH 5 and 50 mmol/L KCl the charge of the complex is
compensated for 30–40% by K+; at pH 7, where LSZ has a rather low positive charge, this is 45–55%. At pH 5 and
5 mmol/L KCl the PAHA/LSZ mass ratio at the IEP of the complex depends on the order of addition. When LSZ is added
to PAHA about 25% K+ is included in the complex, but no K+ is incorporated when PAHA is added to LSZ. The ﬂocculation
behavior of the complexes is also diﬀerent. After LSZ addition to PAHA slow precipitation occurs (6–24 h) in the IEP, but
after addition of PAHA to LSZ no precipitation can be seen after 12 h. Clearly, PAHA/LSZ complexation and the colloidal
stability of PAHA–LSZ aggregates depend on the order of addition. Some implications of the observed behavior are
discussed.
 2008 Elsevier Ltd. All rights reserved.1. INTRODUCTION
As major components of natural organic matter, humic
and fulvic acids are involved in many chemical and physical
interactions in soil and aqueous systems (Buﬄe, 1988;
Bolto, 1995). Humic substances (HS) are composed of
amorphous, chemically complex and internally structured
molecules or molecular aggregates (Avena and Wilkinson,
2002; Sutton and Sposito, 2005) with a polyelectrolyte
nature that can be classiﬁed as soft-colloidal matter (Duval
et al., 2005). For the pH conditions in most natural waters0016-7037/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.gca.2008.02.009
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charge density and the hydrodynamic radius of the humic
particles (Avena et al., 1999a). Due attention has been paid
to the interactions of HS with protons and heavy metal ions
(Tipping, 2002; Milne et al., 2003; Koopal et al., 2005;
Merdy et al., 2006). Also complexation of HS with oppo-
sitely charged polyelectrolytes (Glaser and Edzwald, 1979;
Rebhun et al., 1998; Bolto et al., 1999; Kam and Gregory,
1999; Kam and Gregory, 2001; Kvinnesland and Ødegaard,
2004; Hankins et al., 2006) and surfactants (Traina et al.,
1996; Adou et al., 2001; Koopal et al., 2004; Ishiguro
et al., 2007) has been investigated. The attention paid to
the interaction between HS and oppositely charged
polyelectrolytes has largely been directed to the removal
of HS from aqueous solutions by complexation and
aggregation.
Humic acid protein complexation 2091A special class of polyelectrolytes that also may inter-
act with HS are proteins. Yet, little or no literature is
available on HS–protein interaction. Binding of proteins
to other polyelectrolytes has been investigated because of
its importance in technological applications. Reviews of
this work can be found in literature (Xia and Dubin,
1994; Kokufuta, 1994; Schmitt et al., 1998; Tribet,
1999; Carlsson et al., 2001; Doublier et al., 2002;
Cooper et al., 2005; Bohidar et al., 2005; Gummel
et al., 2006). In view of the attention paid to polyelec-
trolyte–protein interaction, it is somewhat surprising that
the binding of HS to proteins has been neglected. This
binding can be especially relevant in relation to soil
quality. Recent research (Hayes and Edward Clapp,
2001; Nichols and Wright, 2005; Schindler et al., 2007)
has indicated that, for instance, the glycoprotein gloma-
line can be important for soil structure and soil extrac-
tion. Also relevant is the role of pathogenic proteins
such as insecticidal proteic toxins, pharmaceutical pro-
teins (produced in transgenic plants) and infectious
(prion) proteins involved in transmissible spongiform
encephalopathies (causing diseases as BSE and Creutz-
feldt–Jakob) that may be present in ground and surface
waters. HS–protein interaction may lead to modiﬁcation
of the protein structure and, consequently, to a change
in its biological activity. The extent to which this occurs
depends on the speciﬁc conditions (Brouwer et al., 1990;
Wen and Dubin, 1997; Xia et al., 1997). Furthermore,
binding to other substances makes proteins less suscepti-
ble to microbial degradation and this can be environ-
mentally hazardous.
In this paper HS–protein interaction is studied by con-
sidering the interaction of puriﬁed Aldrich HA (PAHA)
with the protein lysozyme (LSZ). PAHA is often used
in model studies because it is easily available and studies
of various humic acids including Aldrich have shown that
the trends in ion and surfactant binding to PAHA are
similar to that of other humic acids (Milne et al., 2003;
Ishiguro et al., 2007). LSZ is used in model studies be-
cause its structure is well known; it has a nearly spherical
shape and a good structural stability (Blake et al., 1965;
Horsley et al., 1987; Ramanadham et al., 1990; Coﬀman
et al., 1997). LSZ has weak acidic and basic groups and
in the natural pH range it has a net positive charge
(Haynes et al., 1994; Biesheuvel et al., 2005). A proper
investigation of HA–LSZ binding and ﬂocculation will
be a very ﬁrst step towards understanding HS–protein
interaction. By studying the interaction between a posi-
tively charged protein and negatively charged HS the
emphasis is on electrostatic interactions. The properties
of the complexes will be derived from the charging char-
acteristics of the individual components and their com-
plexes. The extent of mutual charge compensation in
the HS–protein complex at its iso-electric point (IEP) will
be investigated in detail. Some attention will be paid to
the ﬂocculation/precipitation of the complexes at the
IEP and to the eﬀect of the order of addition on the
properties of the complexes. In the conclusion section
the translation of the results to natural systems will be
brieﬂy discussed.2. EXPERIMENTAL
2.1. Materials
2.1.1. Puriﬁed Aldrich humic acid (PAHA)
Aldrich humic acid (Aldrich H1, 675-2) is puriﬁed using
the method described by Vermeer et al. (1998). The ﬁnal
treatment with Dowex 50W-X8 was not carried out; after
the other puriﬁcation steps the level of trace metal ions is
so low that it may be expected it will not signiﬁcantly aﬀect
the protein binding. The obtained humic acid is freeze-dried
and stored in a closed container that is placed in a desicca-
tor with drying agent. The product is denoted as puriﬁed
Aldrich humic acid (PAHA). According to Vermeer et al.
(1998) the molar mass of PAHA as determined by viscom-
etry and size exclusion chromatography is around 20 kDa
and the elemental analysis on an ash free basis is: C,
55.8%; O, 38.9%; H, 4.6%; N, 0.6% (wt). A stock solution
of 2 g PAHA/L is made in a volumetric ﬂask by dissolving
PAHA under mild shaking for about 24 h at pH 10. The
high pH ensures that the PAHA is well dissolved (Avena
and Wilkinson, 2002).
2.1.2. Lysozyme (LSZ)
Hen egg-white lysozyme (L-6876; Molar mass 14.6 kDa)
is purchased from Sigma and used without further puriﬁca-
tion. A space ﬁlling model of hen egg-white LSZ with col-
ored functionalities has been presented by Horsley et al.
(1987). The LSZ is dissolved in puriﬁed water to a concen-
tration of 5 g/L. Other LSZ solutions are made from this
stock solution. The LSZ stock solution is stored in the
refrigerator at 5 C to prevent degradation. LSZ in solution
is stable in solutions ranging from moderately acidic to ba-
sic and even at the IEP which is around 10.5 no serious ﬂoc-
culation occurs.
2.1.3. Water and chemicals
Water used for the experiments is twice de-ionized and
ﬁltered through an activated carbon column and a micro ﬁl-
ter (EASY pure UV); it has a resistance greater than
18.3 MX/cm. The inorganic chemicals used are of analytical
grade quality (obtained from Merck or Sigma–Aldrich). Ti-
trant solutions of 0.1 mol/L HCl and KOH are obtained
from Merck or Bernd Kraft and standardized before use.
2.2. Methods
2.2.1. Potentiometric proton titrations
Proton titrations are performed using an automatic
titration set-up consisting of a titration cell with a com-
bined pH electrode (glass–Ag/AgCl), motor driven burettes
and a Schott TR250 titration interface linked to the bur-
ettes and the electrodes. The cell is kept at 25.0 ± 0.1 C
using a water bath. Equipment and data acquisition are un-
der PC control. In the titration cell 50 mL of sample (0.4 g
PAHA/L, 1.0 g LSZ/L) or blank solution is added. After
introduction of electrodes, burette tips, and the N2 source,
the cell is closed, the pH is adjusted to about 3 and a ﬂux of
nitrogen is passed through the solution to remove possible
CO2. After an equilibration time of at least 1 h the nitrogen
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Fig. 1. Proton release, DCH, by PAHA at pH 5 as a function of
the KCl concentration.
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carried out from pH 3 to 11 and back. Standard solutions
of 0.1 mol/L HCl and 0.1 mol/L KOH are used as titrants.
CO2 dissolution in the basic titrant is inhibited by a special
lock containing an alkaline solution that prevents direct
contact with air. Titrants (mostly 0.1 mol/L) are added in
minimum aliquots of 0.01 ml HCl or KOH. After addition
of titrant the rate of drift is measured over a 2 min interval.
Electrode readings are accepted when the drift is less than
0.2 mV/min, but a maximum time of 20 min is set for two
successive additions of titrant. After each cycle, the ionic
strength is increased to the next higher level by adding
KCl solution. After salt addition the cell is equilibrated
for 20 min before continuation of the titration. For all
KCl concentrations a blank titration (no PAHA or LSZ)
is also performed. These blank titrations are ﬁt to theoret-
ical titration curves using the improved Davies equation
(Davies, 1962) for the calculation of the mean ionic activity
coeﬃcient. When the mean activity coeﬃcient is properly
calculated, the Nernst plots of pH vs. the potential of the
pH electrode with respect to the reference electrode (cell
EMF in mV) derived from the blank titrations are indepen-
dent of the salt concentration. The cell works properly
when the latter is true and when the thus obtained Nernst
plot is very similar to that obtained by simple calibration
of the cell with buﬀer solutions.
Proton binding—pH curves of the samples are calcu-
lated by subtracting the calculated blank titration values
from the measured titration points of the sample. By using
the calculated blank the exact pH, volume and salt concen-
tration as present during the sample titration can be used
for the blank subtraction.
2.2.2. pH-stat titrations
The pH-stat titrations are also carried out with the
Schott-titration set-up. To the titration cell 50 mL of 1 g/
L LSZ or 0.4 g/L PAHA is transferred. The pH is brought
to the desired value of 5 for PAHA and to 7 for LSZ by
addition of 0.001 mol/L HCl or KOH. At the chosen pH
values small releases of protons can be detected accurately.
The sample is allowed to equilibrate to the chosen pH value
for a couple of hours by adding small amounts of acid or
base. Then some KCl solution is added and after an equil-
ibration time of 20 min small additions of dilute acid or
base solution are made to reach the pH-stat value. After
each addition the cell is allowed to equilibrate. By taking
a dilute titrant solution only acid or base can be used to
reach the pH-stat value. The procedure is then repeated
for the next KCl concentration. By subsequent KCl addi-
tions the concentration is stepwise increased to 5, 10, 20,
50, and 100 mmol/L KCl. From the added amount of ti-
trant, the solution volume and the sample mass the change
in proton binding of the sample can be calculated at each
KCl concentration.
2.2.3. Particle charge detector/iso-electric-point
measurements
Iso-electric-points (IEPs) of PAHA–LSZ complexes are
measured using a ‘‘Mu¨tek Particle Charge Detector”
(PCD03-pH). The apparatus is also known as ‘‘streamingcurrent meter”. The sample cell is a cylindrical Teﬂon
chamber in which a cylindrical Teﬂon piston moves up
and down through the sample solution. The chamber is
equipped with two gold electrodes connected to signal
ampliﬁer that presents a signal in mV. The signal is related
to the streaming potential or streaming current of the par-
ticles present in the cell. Most common belief is that the col-
loidal particles stick to the walls of cell and piston and that
the counterions move with the liquid (Dentel et al., 1989;
Walker et al., 1996), but it is also possible that the colloidal
particles and the mobile counterions in the solution move
with diﬀerent velocities (Mu¨ller, 1996). The method has
been discussed in relation to other electrokinetic measure-
ments by Barron et al. (1994). It is well-suited to measure
the charge sign of the colloidal particles and, in the case
of titrations with a complexing agent with a charge opposite
to that of the particles, the point where the charge of the
complex reverses its sign, i.e., the IEP of the complex.
With the PCD03 equipment a polyelectrolyte titrant
solution is added with an automatic titrator (Mu¨tek
PCD-Two) in steps of 0.02 mL to the polyelectrolyte sam-
ple solution (25 mL) in the cell. The potentials (mV) are re-
corded together with the solution pH. From the titration
curve the IEP is determined. The titration speed can be con-
trolled within the range of 30–90 s per titrant addition.
Both rates give the same IEP, which is the important
parameter. The LSZ titrations with PAHA also give identi-
cal curves at 30 and 90 s/step, but the shape of the curves of
the PAHA titration with LSZ diﬀer somewhat at 30 and
90 s/step. In the presented results an addition rate of 30 s/
step is used.
3. RESULTS
3.1. Proton binding to PAHA
With the pH-stat titration the amount of base that is re-
quired to maintain the PAHA suspension at pH 5 after each
addition of KCl is measured. From the amount of base the
release of protons (DCH) is calculated; at no added salt
DCH = 0. The value of DCH (mmol/g) is depicted in
Fig. 1 as a function of the KCl concentration. As expected,
the proton dissociation is enhanced by increasing the KCl
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Fig. 2. Proton binding isotherms of PAHA at diﬀerent KCl
concentrations indicated in the ﬁgure (the concentration of KCl
equals to the sum of the initial salt concentration in the HA
solution and the concentration of KCl added).
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Fig. 3. Proton uptake DCH by LSZ at pH 7 as a function of the
KCl concentration.
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increases relatively strongly, then it levels oﬀ.
The potentiometric titration curves are well reproducible
and independent of the direction of the titration. From
these titrations and the corresponding blank titrations the
relative proton binding isotherms are obtained. According
to Vermeer et al. (1998) the proton binding of PAHA at
pH 5 and 10 mmol/L KCl is 1.95 mmol/g. This value is
used as reference point. The absolute proton binding at
other KCl concentrations and pH 5 can now be derived
using the pH-stat results (Fig. 1). The resulting H-binding
isotherms of PAHA at diﬀerent KCl concentrations are
shown in Fig. 2. The degree of dissociation of PAHA at a
given pH increases with increasing salt concentration. The
present data are in good agreement with those of Vermeer
et al. (1998) for the same system (other batch and more
stringent puriﬁcation procedure) and in general agreement
with the proton desorption behavior of other HA samples
(Avena et al., 1999b; Milne et al., 2003).
3.2. Proton binding to LSZ
With the pH-stat titration the amount of acid required
to maintain the LSZ suspension at pH 7 after addition of
KCl is measured. The uptake of protons, DCH (mmol/g),
is depicted in Fig. 3 as a function of the KCl concentration;
at no added salt DCH is zero. The trend is similar to that ob-
served for PAHA, but the magnitude of the eﬀect is much
smaller.
Also for LSZ the titration curves are reversible and well
reproducible. The calculated proton binding (CH) isotherms
on LSZ at diﬀerent KCl concentrations are shown in Fig. 4.
According to Haynes et al. (1994) the net proton binding at
pH 7 and 20 mmol/L KCl is 0.50 mmol/g (+7.34 net
charges per protein molecule). This value is used as refer-
ence point. The absolute net proton binding at the present
KCl concentrations and pH 7 are derived from this refer-
ence value and the pH-stat results (Fig. 3). The resulting
reference points for the CH-pH curves at 0.5, 5.0, 10,
50 mmol/L KCl and pH 7 are 0.49, 0.49, 0.50 and
0.51 mmol/g, respectively. From Fig. 4 it follows that theshift of the proton binding with increasing ionic strength
is very limited, especially for pH >7. The point of zero
charge (PZC) is found at pH 10.4, which is close to the the-
oretical PZC of 10.7 (Biesheuvel et al., 2005). The proton
binding isotherms are similar to those reported in literature
(Haynes et al., 1994; Biesheuvel et al., 2005), but more accu-
rate with respect to the salt concentration eﬀects. In the pH
range from 4 to7 the decrease in the net positive charge is
largely due to increased dissociation of carboxyl groups in
glutamic and aspartic acid residues, and at pH 7–10 to
deprotonation of mainly the e-amino groups in lysine and
phenol groups in tyrosine.
3.3. PAHA interaction with LSZ
3.3.1. Proton binding to PAHA–LSZ complexes
To investigate the proton binding to PAHA–LSZ com-
plexes titrations are conducted of two mixtures of PAHA
and LSZ in 5 mmol/L KCl. The mixtures are prepared by
addition of PAHA to a LSZ solution, the total solution vol-
ume is 50 mL. The mass ratios, f, of PAHA to LSZ are 0.1
and 0.4. The proton binding isotherms of the mixtures are
obtained by subtraction of the blank from the sample titra-
tion in the same way as described for the pure components.
The experimental results are depicted in Fig. 5 by the solid
symbols. Based on the Mu¨tek experiments at 5 mmol/L
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Fig. 5. Proton binding curves of pure LSZ and pure PAHA and
two mixtures of PAHA and LSZ at 5 mmol/L KCl; f equals the
mass ratio of g PAHA to g LSZ. The solid symbols represent the
experimental values. The experimental curves are ﬁxed at their
measured pHIEP values under the assumption that pHPZC = pHIEP.
Open symbols represent the calculated proton binding obtained by
assuming that PAHA and LSZ do not interact (mass weighted
summation of PAHA and LSZ proton binding at 5 mmol/L KCl).
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Fig. 6. Titration curves of LSZ by PAHA in 5 mmol/L KCl
solution and initial pH of 5. The solid symbols present the potential
(mV) and open symbols the pH.
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f = 0.1 and 0.4 can be obtained by linear extrapolation of
the graph of fIEP vs. pHIEP; they are 7.8 and 4.2, respec-
tively. By assuming that at low KCl concentration
pHPZC = pHIEP these values have been used as reference
points for the two experimental isotherms. At pH values
around pHIEP of the complex it may be expected that all
LSZ and PAHA is present as complex. Theoretical proton
binding isotherms obtained by using a simple mass
weighted additivity are also included in Fig. 5 (open sym-
bols). The ‘additivity rule’ assumes that PAHA and LSZ
do not change their proton binding upon interaction. The
calculated pHPZC values are, respectively, 8.5 at f = 0.1
and 4.6 at f = 0.4. These values are somewhat higher than
the corresponding pHIEP values, but it should be realized
that only a small shift (0.1 mmol/g) in proton binding leads
to a good match.
In general, the experimental curves diﬀer only little from
the theoretical ones in the pH range 4.5–8.0. This implies
that the interaction of PAHA and LSZ in the complex does
not lead to a large uptake or exclusion of protons. Both at
low and high pH the measured proton binding changes
slightly less than the theoretical one. At low pH this can
be explained by a somewhat better dissociation of acidic
groups of PAHA in the complex because the screening of
the negative PAHA charges by positive LSZ is slightly bet-
ter than that by 5 mmol/L KCl. At high pH PAHA is
highly negative and the interaction slightly increases the po-
sitive charge of LSZ in the complex. Overall, the conclusion
is that the charge adaptation due to interaction is small.
3.3.2. Electrokinetic charge neutralization in PAHA–LSZ
complexes at their IEP
3.3.2.1. LSZ titration by PAHA at pH 5. The Mu¨tek titra-
tion curves of LSZ by PAHA for three diﬀerent amounts of
LSZ, initial pH of 5 and 5 mmol/L KCl are depicted in
Fig. 6. Together with the Mu¨tek potential the pH change
is also plotted. At pH 5 LSZ has a net positive charge, sothe Mu¨tek potential (mV) starts positive. The signal de-
creases sharply with the ﬁrst additions of PAHA, then the
decrease becomes very weak until close to the IEP. Around
the IEP, where the signal reﬂects the behavior of the
PAHA–LSZ complexes, the potential decreases strongly
and at the IEP the signal changes from positive to negative;
this implies that beyond the IEP a super-equivalent amount
of negative PAHA is bound to positive LSZ.
The pH value is somewhat unstable in the ﬁrst part of
the titration and increases most strongly around the IEP.
The increase in pH reﬂects a proton uptake by the complex
as a result of the interaction. Less protons in solution cor-
responds with an increase of the number of positively
charged groups of LSZ in the complex. The net adjustment
in proton binding at the IEP is about 0.03 mmol/g complex.
This is only 5% of the net proton binding to 1 g LSZ at pH
5 and 5 mmol/L KCl. The pH values at the IEP of the
PAHA–LSZ complexes are about 5.1.
Similar titrations are carried out for two other KCl con-
centrations and initial pH 5. Fig. 7 depicts for the three
KCL concentrations the amounts of PAHA needed to
reach the IEPs of PAHA–LSZ complexes when diﬀerent
amounts of LSZ are present in the cell. In all three cases
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Fig. 8. Titration curves of LSZ by PAHA in 5 mmol/L KCl
solution and initial pH of 8. The solid symbols present the potential
(mV) and open symbols the pH. The pH of the IEPs is around 7.
Humic acid protein complexation 2095the dependence is linear. The line for no added KCl (ionic
strength about 0.03 mmol/L) passes within experimental er-
ror through the origin, the lines for 5 and 50 mmol/L KCl
intersect the Y-axis at 0.01 and 0.03 mg PAHA. These val-
ues corresponds to, respectively, 0, 0.4 and 1.2 mg/L PAHA
at the IEP of the complex. Therefore, the PAHA binding to
LSZ has a high aﬃnity, but the aﬃnity weakens slightly
with increasing KCl concentration. The slopes of the lines
equal the PAHA/LSZ mass ratios in the complex at the
IEP. The mass ratios are 0.31, 0.32 and 0.45 at, respectively,
0.03, 5, and 50 mmol/L KCl; i.e., at 50 mmol/L about 45%
more PAHA is required to reach the IEP than at low ionic
strength. In other words, at high ionic strength there is less
LSZ needed to neutralize the negative charge of PAHA.
Assuming that at 0.03 mmol/L KCl the charge compensa-
tion of PAHA is completely due to LSZ and comparing
the mass ratios at 0.03 and 50 mmol/L KCl reveals that
at 50 mmol/L KCl around 40% of the negative PAHA
charge in the complex is compensated by K+ instead of
by the positive LSZ charge.
The behavior can be further characterized by comparing
the charges of PAHA and LSZ obtained from the potenti-
ometric titrations. The PAHA/LSZ charge ratio varies be-
tween 3.11 and 2.97 depending on the KCl concentration.
Therefore with a 1:1 stoichiometry a PAHA/LSZ mass ra-
tio of 0.32–0.34 would be required for charge neutraliza-
tion. These values are in close agreement with the mass
ratios at the IEP for no added KCl and 5 mmol/L KCl.
This indicates that the LSZ charge is indeed fully compen-
sated by the PAHA charge and that most likely there is no
or very little net charge adjustment upon complexation. At
50 mmol/L KCl the mass ratio of 0.34 for charge neutral-
ization is much smaller than the mass ratio at the IEP
(0.45). Comparison of these ratios indicates that 32% of
the PAHA charge in the complex is compensated by K+.
This value is more accurate than the estimate based on
the Mu¨tek results only, because with the Mu¨tek results
two diﬀerent salt concentrations are compared and the salt
concentration as such is aﬀecting the charge of both PAHA
and LSZ (see Figs. 2 and 4).0.0 0.5 1.0 1.5 2.0
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Fig. 9. The amount of PAHA needed to reach the IEP of the LSZ–
PAHA complex (PAHA titrant) at a ﬁnal pH of about 7 (initial pH
8) and three KCl concentrations.3.3.2.2. LSZ titration by PAHA at pH 8. To change the
charge ratio Mu¨tek titrations of LSZ with PAHA are also
carried out at an initial pH 8. Compared to pH 5 the neg-
ative charge of PAHA is considerably higher and the posi-
tive charge of LSZ is a bit lower. The titration results are
depicted in Fig. 8. Initially the Mu¨tek potential is behaving
diﬀerently from the previous titration: after a slight de-
crease a substantial increase in positive signal is observed.
Close to the IEP the behavior is similar: a decreasing poten-
tial that changes sign at the IEP (the region beyond the IEP
was not followed). The behavior of the pH is also diﬀerent:
ﬁrst a weak maximum followed by a relatively large de-
crease and an almost constant pH around the IEP. The pro-
ton release corresponds with the increase of the Mu¨tek
potential. Possibly PAHA releases only a few protons
(about 0.05 lmol) upon complexation with LSZ, but due
to the close to neutral initial pH of the solution, the small
amount of protons released has led to a signiﬁcant pH de-
crease: the initial pH 8 reduces to a ﬁnal pH of about 7. ThepH change in solution leads to an increase of the charge of
the free LSZ and this is noticed with the increase of the Mu¨-
tek signal. When the Mu¨tek signal decreases strongly all
LSZ has formed complexes with PAHA and the pH of
about 7 hardly changes, therefore no signiﬁcant adjustment
of net proton binding occurs.
Further titrations are carried out at other KCl concen-
trations. The amounts of PAHA needed to reach the IEP
of the LSZ–PAHA complexes (ﬁnal pH about 7) are de-
picted in Fig 9. Again straight lines are observed; with no
added KCl the line passes through the origin, and for 5
and 50 mmol/L KCl the lines intersect with the Y-axis at
0.01 and 0.02 mg PAHA. These intercepts correspond to
solution concentrations of 0, 0.4 and 0.8 mg/L, respectively.
Therefore, also in this case the aﬃnity between LSZ and
PAHA at the IEP is high and very similar to that at pH
5. The PAHA/LSZ mass ratios at the IEP (slopes) are
0.17, 0.19 and 0.25 in, respectively, 0.02, 5, and 50 mmol/
L KCl. These ratios are lower than those at pH 5 due to
a less positive charge of LSZ and a more negative charge
on PAHA. Comparing the mass ratio at no added salt with
those at 5 and 50 mmol/L KCl indicates that 12% and 47%,
respectively, of the PAHA charge is compensated by K+ at
these two KCl concentrations.
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Fig. 11. PAHA–LSZ complexation at about pH 5 and 5 mmol/L
KCl. Triangles: PAHA addition to LSZ; squares: LSZ addition to
PAHA.
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mass ratios derived from the potentiometric titration
charges at pH 7 (the pH at the IEP) and assuming a 1:1 stoi-
chiometry. The latter ratios range from 0.17 to 0.16 for the
diﬀerent KCl concentrations. At no added KCl the mass ra-
tio at the IEP is in close agreement with the mass ratio de-
rived from potentiometry; the PAHA charge neutralizes the
LSZ charge and there is no net charge adjustment. A simi-
lar comparison at 5 and 50 mmol/L KCl indicates that,
respectively, 14% and 56% of the PAHA charge in the com-
plex is compensated by K+. These values are similar to
those obtained by using the Mu¨tek results only.
3.3.2.3. PAHA titration by LSZ at pH 5. Instead of adding
PAHA to LSZ during the titration, one can also add LSZ
to a solution containing PAHA. Fig. 10 depicts the titration
curves of PAHA by LSZ for three diﬀerent amounts of
PAHA at an initial pH of 5 and 5 mmol/L KCl. Initially
the potential increases slowly with the addition of LSZ,
then it increases sharply and somewhat before the IEP is
reached the curves level oﬀ again. Although the slope
around the IEP is gradual, it is not diﬃcult to obtain the
IEP. The pH increases most strongly in the initial part of
the titration and around the IEP the pH hardly changes.
The pH of the IEP is about 5.2. The relatively small changes
of the potential around the IEP are diﬀerent from the obser-
vations for the reversed titration. This indicates that the
complex formation and probably the complex structure at
the IEP depend on the sequence of addition. From the in-
crease in pH up to the IEP a proton uptake by the complex
ranging from 0.006 to 0.015 mmol/g complex is found. This
is somewhat less than with the reverse titration sequence
and very small compared to the proton binding to 1 g
PAHA or 1 g LSZ at pH 5 and 5 mmol/L KCl.
In addition to the results shown in Fig. 10 two further
titrations were made at 0.05 and 0.30 mg PAHA. The
amounts of LSZ needed to reach the IEP of PAHA–LSZ
complex at pH 5 and 5 mmol/L KCl are summarized in
Fig. 11 (squares). For easy comparison the results for
PAHA addition to LSZ are also shown (triangles). As be-
fore a straight line is observed that has a small intercept.
Clearly the high aﬃnity character of the binding at the0.0 0.1 0.2 0.3 0.4 0.5
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Fig. 10. Titration curves of PAHA by LSZ in 5 mmol/L KCl and
pH about 5. Solid symbols present the Mu¨tek signal (mV) and open
symbols the pH.IEP is not aﬀected by the order of addition. The PAHA/
LSZ mass ratios (slopes) at the IEP are for LSZ addition
to PAHA 0.40 and for PAHA addition to LSZ 0.31. The
latter value corresponds closely with the mass ratio derived
from the potentiometric titration results. However, upon
addition of LSZ to PAHA 27% more PAHA is required
to reach the IEP than when PAHA is added to LSZ. Even
at 5 mmol/L KCl, the complex that is formed when LSZ is
added to PAHA is far removed from the 1:1 stoichiometry.
This implies a complex at the IEP in which a substantial
amount of K+ is incorporated at only 5 mmol/L KCl. This,
in turn, is a strong indication that PAHA in the complex is
also internally aggregated, 27% of the negative groups of
PAHA are not in direct contact with the positive groups
of LSZ. The fact that the complexes at their IEP are depen-
dent on the order of addition also indicates that the equilib-
rium structure is not reached. Most likely the complex
formed by addition of LSZ to PAHA, which includes con-
siderable amounts of K+, is trapped in a local Gibbs energy
minimum.
3.3.3. Flocculation of PAHA–LSZ complexes at the IEP
Preliminary experiments show that at pH 5 and 5 mmol/
L KCl the order of additions is also of relevance for the
ﬂocculation and precipitation of PAHA–LSZ complexes
at the IEP. During the titration of 0.20 mg PAHA by
LSZ no precipitate is observed in the Mu¨tek cell. However,
by keeping the complex at rest at the IEP a precipitate ap-
pears after 6 h. Photographs of the sample at diﬀerent wait-
ing times are shown in Fig. 12. For the titration of 1.5 mg
LSZ by PAHA, under the same conditions, a similar test
was conducted but here no precipitate is observed after
keeping the complex at the IEP for 12 h. Therefore, the spa-
tial structure and internal stability of the complexes in the
IEP also depend on the order of addition. In general, the
stability behavior of the PAHA–LSZ complexes is in con-
trast with the stability of HA complexes with strong cat-
ionic ﬂexible polyelectrolytes. The latter class of
polyelectrolytes is used for eﬀective removal of HA form
solution by bringing the complex to its IEP. At the IEP
the complexation is succeeded by quick aggregation and
precipitation (Bolto et al., 1999; Kam and Gregory, 1999;
Kam and Gregory, 2001).
Fig. 12. Photographs of the dispersion of the PAHA–LSZ complex at the IEP after diﬀerent waiting times (pH 5 and 5 mmol/L KCl). The
dispersion of the complex is made by slowly adding LSZ to PAHA till the IEP is reached. (a) Original solution of 8 mg PAHA/L after 24 h; (b)
complex after reaching the IEP (0 h); complex at the IEP after 2 h at rest (c), 6 h (d), 12 h (e) and 24 h (f).
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PAHA and LSZ form complexes in the pH range where
the PAHA charge is negative and the LSZ charge positive.
Both at pH 5 and pH 7 the aﬃnity between PAHA and LSZ
is high. Yet, there is little net charge adaptation upon form-
ing the complex. This might indicate that the charged
groups of HA and LSZ in the complex are in ‘‘loose con-
tact”, which is probably due to the fact that both LSZ
and PAHA are internally structured polyelectrolytes. Com-
plexes that are formed just before their IEP is reached will
still be present beyond the IEP, but by passing the IEP the
charge sign of the complex changes. This implies that in the
presence of an excess of HA the PAHA–LSZ complexes are
negatively charged and with an excess of LSZ positively
charged.
At pH 5 and low KCl concentrations (5 mmol/L) the
PAHA–LSZ complexes formed by adding PAHA to LSZ
contain little or no K+ at the IEP of the complex, however,
when LSZ is added to PAHA 27% of the PAHA charge is
balanced by K+. The fact that the structure of the com-
plexes at the IEP depends on the order of addition is also
reﬂected in the stability. PAHA–LSZ complexes at the
IEP that are formed by adding PAHA to LSZ show no pre-
cipitation after standing 12 h, whereas complexes formed
by addition of LSZ to PAHA slowly precipitate.
At higher KCl concentration the PAHA–LSZ complexes
formed by PAHA addition to LSZ also contain K+; at
50 mmol/L and pH 5 about 30–40% of the PAHA charge
in the complex is balanced by K+ and at pH 7 about 45–
55%.
Incorporation of K+ in the PAHA–LSZ complexes at
the IEP strongly suggests that the PAHA molecules in these
complexes are partly aggregated. Qualitatively this corre-
sponds with the view that HA molecules/building blocks
in solution form weak aggregates/micelles (Avena and Wil-
kinson, 2002; Sutton and Sposito, 2005). For PAHA the
presence of such aggregates can be derived from the dy-
namic light scattering (DLS) measurements of Vermeer
(Vermeer, 1996: Vermeer et al., 1998). These measurements
reveal particles with radii ranging from about 65 to 75 nm
depending on pH (4.5–8.5) and KNO3 concentration (1–
100 mmol/L). The large values point to PAHA aggregates.
Single PAHA molecules are most likely only a few nanome-
ters and too small to be detected by DLS. According toAvena and Wilkinson (2002) HA aggregates are in dynamic
equilibrium with the HA monomers. Their results at
5 mmol/L 1-1 electrolyte and peat HA show that at high
pH the disaggregation rate is extremely rapid, at intermedi-
ate pH disaggregation occurs within an hour and at low pH
the disaggregation takes a month. Clearly such HA aggre-
gation behavior can also strongly aﬀect the complex forma-
tion of PAHA and LSZ at pH 5 and 7. For instance, adding
at low salt concentration PAHA to an abundance of LSZ
probably leads to HA-disaggregation, therefore the
PAHA–LSZ complex hardly contains K+. Adding LSZ to
a solution with PAHA more likely gives fragments of aggre-
gated PAHA that are complexed with LSZ and such com-
plexes will also contain K+. At higher electrolyte
concentrations disaggregation of the PAHA aggregates is
slower and here K+ incorporation even occurs when PAHA
is added to LSZ. Further aggregation of primary PAHA–
LSZ complexes to large ﬂocs that can settle is an important
step for the precipitation of these complexes at their IEP.
This step will also be aﬀected by the primary structure of
the complex. By increasing the salt concentration more
K+ will be incorporated in the primary complexes and large
ﬂoc formation will be counteracted by disaggregation of the
partial PAHA aggregates in the ﬂocs. On the other hand
large ﬂoc formation will be promoted by increasing the salt
concentration, because the electrostatic repulsion between
the primary PAHA–LSZ complexes decreases.
The above conclusions are most likely also relevant for
other HA–protein systems, as long as the protein is posi-
tively charged and internally well structured. In general, it
may be clear that for a good understanding of HA–protein
complexation more study is required. The present study
indicates that HA–protein interaction easily occurs when
the protein is positively charged. The aﬃnity for complexa-
tion is high and this implies that already at concentrations
in the 1–10 mg/L range complexes are formed. The struc-
ture and fate of the primary complexes depends on condi-
tions such as pH (charge of the particles), salt
concentration, relative abundance of protein compared to
HA, sequence of addition and type of protein. The fact that
the HA–protein complexes do not quickly precipitate im-
plies that such complexes may have the time to adsorb to
mineral surfaces. This could be of special relevance in the
case of a positive complex and silica which is mostly nega-
tively charged. Normally HA does not bind to silica, but
2098 W.F. Tan et al. /Geochimica et Cosmochimica Acta 72 (2008) 2090–2099HA complexed with a cationic protein can bind and this
will aﬀect the characteristics of the silica particles and
may even aﬀect soil structure. Preliminary experiments of
sequential addition of LSZ and PAHA to silica indeed re-
veal that LSZ–PAHA multilayer formation occurs on the
silica surface.
The present study does not give information on activity
of the protein in the PAHA–LSZ complexes. To be able to
answer this question more information is required on the
structure of the complexes, the reversibility of the com-
plexes and on structural rearrangements in the protein mol-
ecule upon binding to HA. Alteration in protein structure
and, hence, in bioactivity is a common phenomenon when
a protein enters another environment (Zoungrana et al.,
1997). In particular the interaction with hydrophobic spe-
cies induces changes in the protein structure (Haynes and
Norde, 1994). From cationic surfactant binding studies to
humic and fulvic acids it is found that hydrophobicity of
HA is important for the interaction (Ishiguro et al.,
2007). Therefore hydrophobic interaction will most likely
also play a role with HA–protein complexation. In a future
paper we will study complex and aggregate formation in
more detail (using DLS) by following the course of com-
plexation and aggregation during titration of HA with pro-
tein and the reverse. Preliminary results indicate that the
formation of the complexes is partly reversible. This implies
that the protein could still interact with other substances.
Therefore, competitive binding involving other substances
may aﬀect the protein activity.ACKNOWLEDGMENTS
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